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ABSTRACT

Descriptlve mechanisms have been an Important component
of much recent work In artiflclal Intelllgence. This theslis
investigates several aspects of descriptlons through
discusslion of a particular type of description which [s simple
enough to be easlly dliscussed and yet appears able to suppoit
fairly complex behavior, The ldea of descriptlion comparison,
for the purpose of discovering the differences between two
descriptlions, Is emphaslized. Several general methods are
presented for performing this comparison operatlon on the
particular type of description discussed In this theslis, and
thelr merlts are discussed relative to each other and relative
to methods which make more use of knowledge about the
application in which the descriptive methods are to be used.
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l. Introduction

Many programs produced In the course of artificlal
intelligence research have Involved the use of Internal
descriptlons of some problem area, often descriptions of
scenes or dlagrams. An operation often performed with these
descriptions Is description comparison, the purpose of which
Is to dlscover the differences between two descriptions. In
many cases these descriptions and especially this comparlson
operation are not recognized as belng such, however, or thelr
Importance ls not emphasized. As a result the detalls are not
discussed or they are glven as a collectlion of procedures
especlally deslgned for the appllication and seemingly having
little content of more general value. Thls research was
undertaken In the hope that something signliflicant of a more
general nature could be sald about descriptions, and
particularly about descriptlion comparison. This thesls
Investlgates several aspects of descriptive mechanlisms through
the discussion of a.partlcular form of description. The
description format chosen for study has the advantage that a
falrly stralghtforward form of description comparlson,
involving an operatlion called descriptlion matching, can be
formulated for It,

Somethlng of a foretaste of the dlfflcultles involved In
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description comparison can be gained from ¢trying to compare

the two figures below. \lhat are the differences hetween these

 — — r—_———-——

A

O DAJ

(a) (b)

two flgures? In (a) the triangle 1s above the square, whlle
in (b) It has been moved to the right of the square, changing
places wlith the clircle. But look again. Is It not equally
true to say that the object above the square has heen changed
from a trlangle to a circle, and that likewlse the clrcle to
the right of the square In (a) Is changed to a trlangle in
(b)? These are two dlstinctly different descriptions of the
differences between these figures. The first Is based on the
idea that the trlangles In both scenes are "the same'" and
likewise for the circles, and the second Is based on the ldea
that what Is really Important Is the objects' relations to the
square, the squares In the two flgures belng ldentifled. The

operation being performed 1Is one of palring or matching
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corresponding objects in the two flgures, Which palirs of
objects correspond to one another depends on the properties of
these objects, on thelr relationships to one another, and on
some measure of of the relative importance of these properties
and relatlonships.

In the next chapter two programs which make extenslve use
of descriptions and description comparison are discussed, In
order to give some Idea of how description mechanisms are
used, and also 1In order to provide examples for later
discussion, In the thlrd chapter the specific description
format to be discussed is presented and a formulatlon of a
type of description comparlson for this format Is glven. Thls
is followed by a chapter whlich dliscusses some methods for
performing this comparison operation, These methods make use
of knowledge about the structure of thls description format,
but try not to depend on knowledge about any particular
applicatlion area. In the fifth chapter there Is a short
discusslon of some experiments performed with an actual
Iimplementation of some of these ideas, followed by some
conclusions. It Is declded that whlle some things can be salid
In general about descriptions, and some context free
mechanlsms can be formulated, a knowledge of the context of
appllcation seems to be essentlal to the deslign and use of a

successful descriptlon mechanism.
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Il. Prevlious Uses of Descriptlion Comparison

There are a great many programs wrlitten for the purposes
of artificial intelligence research which could be sald to use
internal descriptions of one sort or another, and several of
these could perhaps be séld to use some sort of description
comparison. However, two programs stand out because of thelr
expliclt use of somewhat more general descriptlive mechanlsms
and because of the complexity of the description comparlison
they require,. These are Evans' analogy prohlem solver [ 1 ]
(numbers In brackets refer to the bibhllography) and Winston's
program for learning structural descriptlons of concepts [ 6
]. In order to get some Idea of the descriptive mechanlsms
used 1in these two programs a summary of both of them Is glven

below.

Evans' Analogy Probhlem Solver

The purpose of Evans' program 1s to solve analogy
problems such as are used on college entrance examlinatlons.
An example Is glven below. The problem Is to find which of
the flve answer flgures Is related to flgure C In the same way

as flgure B Is to flgure A. Thls Is to be done, supposedly, by
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finding a rule which will take flgure A Into figure B and

applying thils rule to figure C to see which answer results.

A B C

In hls program which solves such problems, Evans makes
use of several descriptive formats. Inftially the varlous
figures are glven to the program described In terms of line
segments, the endpolnts and curvatures of these segments beling
gliven. Using this Initial description the program constructs
a new descriptlion which breaks each figure up Intq lts several
components. This 1Is done malnly on the basls of connected
groups of lines, but the program Is also able to break up
connected flgures into sub-components when deslirable. Then
the relationships among the varlous objects wlithin a flgure
are computed. Such relations might include the fact that one
object Is above another, or that one is Inside another, and so

on. The final step of the description bullding process s to
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find sIimilarities between objects In the varlous figures. Two
objects are similar [If they can be transformed Into one
another by appropriate rotatlons, reflectlons, and changes in
scale, A1l such similaritlies that might be required for the
solutfon process are computed, both between objects within a
figure and between objects In different figures.

Evans describes the next stage of the solution process as
finding one or more rules which transform flgure A Into flgure
B. Each of these rules Is then generallzed to the polnt where
it will also transform flgure C Into one of the answer
figures. A '"best" rule Is chosen and the figure Into which It
takes C Is chosen as the answer.

The process by which this Is docne 1In fact involves
several stages of description comparltson. The flrst
descriptions to be compared are those of flgures A and B,
these belng the descriptions In terms of objects, relatlons
among objects, and similarity transformations built up during
the prevlious processing. The comparison conslsts of matchling
al)l objects in flgure A with those objects In figure B which
are similar to them. If there are several alternative
matchings, as there often are, all such possihle matchings are
found. Each matching deflnes a rule for transforming figure A
into figure B, this rule consisting of a statement of the
transformations requlred to take all matched objects In A Into

thelr matchlng objects In B. If an object In A Is not matched,
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i1t Is considered to be deleted by the transformatlon to flgure
B. Similarly, unmatched objects In B are sald to have been
added to the figure by the transformation.

The same descrintlion comparison operatlion, Involving the
matching of similar objects, ls performed between the
descriptions of figure C and each of the answer flgures, and a
description of the required C to answer transformation Is
generated. A second order description comparison Is made,
vhich 1Involves matching the objects In the A to B
transformation rules with corresponding objects in all
transformations from C to an answer flgure. This means that
objects transformed by some similarlity relation In the A to B
transformation must be matched In turn wlith objects that also
require some similarlty transformation 1In any C to answer
transformatlion, Added objects must be matched with added
objects, and removed objects must be matched with removed
objects. This correspondence between the objects of the A to
B transformatlon with objects 1In the € to answer flgure
transformatlon deflnes a new transformation rule from C to the
answer flgure. Thls new transformatlion 1Is the A to B
transformatlon applled to the corresponding objects In C and
the answer fligure. However, Included 1In the transformatlon
are the relatlions among the varlous objects, such as that the
removed object 1Is Inslde the one to be rotated, and the

relations which hold In the two sample figures A and B may not
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hold in figure C or the answer figure. Therefore, In order to
be a correct transformation, the rule must be weakened by
removing all relational statements which do not hold true In
figure C or the answer flgure. The flnal result Is a

transformatldn which takes A to B and C to an answer flgure,
A1l such transformatlons are found, and the '"best" is chosen,
"hest" corresponding to a measure of rule strength or how
speciflc a rule Is In stating the transformatlon. The answer
figure chosen Is the one Into which C [Is transformed under

this transformatlion.

Winston's Concept Learnling Program

Wlinston also uses descriptions expressed In terms of
relationships between objects, although In his case "objects"
can be abstractlions such as ‘''cube" or "arch," or relatlionshlps
themselves, such as "above." Hlis ldea of description
comparison Is also similar to Evans', In that 1t Involves
matching objects In one descriptlion with ohjects In the other.
The basis on which this matching 1Is performed 1Is more
sophlisticated In some respects than that used by Evans,
however. Winston's matching process wlll he discussed In some
detall In a later chapter.

The Importance of thls descriptlon comparison operatlon
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Is expliclitly recognlzed by Winston as belng central to the
operation of hls procedures. This Is In dlstinction to Evans,
who does not appear to view hls descriptlion comparisons as
being such, In fact, Winston reformulates the analogy prohlem
solving process as one of comparing descriptions and flinding
differences and uses this formulation and his description
comparison procedures to solve analogy problems.

THe learning process 1Is the major part of \linston's
thesis, however. In basic outline It Is quite simple., Flrst
the concept learning program 1Is presented with a description
of an object which Is an Instance of the concept to be
learned. An example of the sort of concept learned by this
program would be a "tower," meaning a stack of cubes. Next
the program Is presented with descriptions of objects whlich
miss belng Instances of the concept by only a few features - -
certaln crucial components are missing, or certaln necessary
relatlonships do not hold, or features are added which prevent
the description from belng an Instance of the concept. These
descriptions are compared agalnst the description of the
concept as it has been learned to that point (Initlally the
descriptlon of the flrst example 1Is used), If the new
descriptions are sufficlently 1like the concept, the program
will recognize them as Instances of the concept. When told
that they are not Instances, It looks at the dlfferences found

between the concept descriptlon and the object description and
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proposes one or more "theorles" as to which differences are
likely to have caused the rejectlon. The appropriate
relatlons In the concept are marked as belng critlical. Thils
s done by changlng them to MUST-BE or MUST-NOT-BE emphatic
relations. For example, ABOVE might be changed to MUST-BE-
ABOVE. tlhen further scenes are presented to the recognlzer,
they are rejected If any of these emphatlc satellite
relations, as they are called, are not found to hold between
corresponding objects,

Thus, over several examples, the concept learner
gradually discovers which relatlons must or must not hold In
order for an object to be an Instance of the concept belng
learned. It also learns that other relationships are not
essential and so leaves them 1In non-emphatic. form or may
discard them. In thls way the class of object descriptions
which the recognlzer wlll accept as fltting the concepnt
description Is gradually adjusted to correspond more closely
to the ldeas of Its teacher.

Description compariscn Is thus used to find the
differences between descriptlons. In order to do this,
however, 1t must match objects In the two descriptlons In such
a way that the two descriptlons are made to correspond as
closely as possible. If some criterion 1lke thls were not
used, any matching of objects would be reasonable, and a great

many more differences would be found than actually exlst.
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Another way of looking at this 1Is that the number of
differences found should be minimized,

Viewing the matching process In this way, It Is easy to
see how it could be used to locate an Instance of a concept In
a large description. By performlng metching in such a way
that the differences found are minimized, the objects In the
concept wlill be matched with objects In the description In
such a way that as many relatlonshlips as posslible hold in both
the concept and the matched part of the description. If all
the critlcal (emphatic) relatlons are found to hold In the
description then an Instance of the concept has been found.
Winston demonstrates such a locating abillity In his thesls.

A similar locating abllity using a form of descriptlon
comparlison appears In Vllnograd's program to understand natural
language communication [ 5 ]. There the problem Is that when
"the green block to the left of the yellow pyramid" Is
mentioned, It Is desirable to look in the program's knowledge
of Its world to find out just what block is belng referred to,
If indeed any such block exlsts. In order to do thls a
description is built up In the form of a program In the Mlcro-
Planner Implementation of the Planner 1language [ 2, W 1, and
this program/description |Is executed In order to flind the
desired block, If It exlsts. The data base searching
operation which this entails 1Is 1lke locatling the deslired

block description within a large description of the program's
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knowledge of the world.
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111. Descrliptions and Description Comparison

In the previous chapter several programs were dlscussed
which make use of descriptive technlques, In this chapter
descriptions will be dicussed with a view toward formalizing
an idea of description comparison. It Is concluded that this
Is difficult, 1If not Impossible, for the general class of
programming constructs that could be consldered descriptions,
and so a particular type of description Is defined and a

notion of description comparison formalized for It.

Uses of Descriptlions

First, then, what uses have been made of constructs which
might be Included under an (intultlive) ldea of descriptions?
The previous chapter gives several speclflc examples, and the
usage there seems to fall Into two categorles:

a)Storage of Informatlon

b)Description comparison
Furthermore, within the latter category varlious subdivislons
can be recognlzed, such as recognitlion processes, learnling
processes, locaflng ohjects, and analogy problem solving.

There are undoubtedly other usages that could be added to thls
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list. The ldea of descriptlon comparison seems fundamental to
the usage of descriptive techniques, and In this thesis we are
more Interested In the comparlson aspect of descriptlions than
in the 1iInformation storage aspect. Therefore the uses of
description comparison mentioned above wlll be discussed In
more detail.

A recognlition process begins with a basic description In
terms of some primative descriptive elements. For example, In
scene recognitlion, this baslc description might consist of a
matrix of 1's and 0's, 1's representing black plcture elements
and 0's representing white ones. Another form of Inltial
descriptlion for such a process might conslst of a scene
represented by llines, thelr endpoints and curvatures. The
result of a recognition process could consist of a statement
like "This 1s a ---" or of a complex, structured description
of the objects found and thelir vrelatlonships. The
Intermediate stages Involve what could be called descriptlion
building. The recognitlon program has avallable to It
descriptions of the varlous concepts with which It Is to deal,
and certaln of these are compared with the Inttlal
description. Depending on the results of these comparisons -
what differences were found - new Informatlon may be added to
the description (or, alternatively, a new description
constructed) and a cholce made of what concept descriptlions to

compare wlith the resultling descriptlon. This continues untl]
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a description of the type deslred as output Is achleved.

A concrete example of such a process Is proposed by
Winston in hls thesls. A vidisector camera Is used to obhserve
a scene. Its 1iInput Is used by programs which find llines
(edges of polyhedral objects) In the scene, produclng a
description 1In terms of these lines. This description Is In
turn used as Input to a set of programs which glve as output a
scene description in terms of reglons within the field of vlew
(corresponding to the faces of the objects) which are grouped
Into objects. The relationships among these ohjects are then
found, grouplngs of objects recognized, and finally perhaps
the entire scene is recognlzed as an Instance of some concept
descriptlion, such as a house, a tower of blocks, or whatever.
Notice that at each stage there 1Is Information 1loss as
Irrelevant detalls are absorbed Into more abstract
descriptions. The value of thls Is that programs whlich then
use these scene descriptions (such as programs to operate a
mechanlical arm) can deal with these simpler, more abstract
descriptlons. 0f course, Informatlon loss Is not essentlal,
In that the origlinal description can be kept so that If
Information Is needed that does not appear In the hlgher level
descriptions It can be computed from the orlginal.

Learning processes are closely related to recognlitlon
processes, in that the concept descriptions mentioned

previously are what Is learned. Roughly, a learnlng process
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consists of performing a recognltlon process, followed by a
comparison of the results with the "correct" answers or at
least with an Indlication of whether the results are correct or
not, followed in turn by a modification of the recognition
process. This modification might conslst of changes to the
concept descriptions, as In Winston's thesis, or changes to
the control information of the process, such as which concept
descriptions to try next or what new descriptive Information
to add under varlous clrcumstances. These modiflicatlions must
be based on the differences between the result and the correct
answer, Iif that Is avallable, or on those differences found
but ignored when the concepts were compared wlth the glven
descriptlions. Thus, what Is learned and how depends on just
what differences are found durlng description comparison.
Location of objects within a description Is the same sort
of operation as comparing a concept description with an
Initial descriptlon In recognition processes, and need not be
discussed further. Analogy problems, however, are not so
directly related to recognltion, and If anything depend more
on the 1idea of dlfferences between descriptions. Winston
formulates the problem of solving problems 1ike those used by
Evans as one of first descrlblng the differences between the
varlous palrs of flgures and then plcking the answer whose
difference description 1Is most similar to the dlfference

descriptlon produced when the flrst two sample fligures are
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compared. With this formulatlion of the problem he then uses a
description comparison operation (very simllar to that to be

defined later) to actually solve several analogy problems,

Descrliptions

\lhat then constltutes a description for programming
purposes? The answer, unfortunately for our needs, Is that
any data structure can be conslidered a description and any
program can be considered elther a description or to operate
on descriptions. WWhen a programmer designs a program he
devises some sort of scheme for representing (describlng) the
things the program Is to work wlth, A matrix, for example,
might be used as a description of a directed graph (a1l 1in
position 1,j Indlcating a path from node | to node j), or, as
mentloned above, thls matrix might be used to represent a
scene, Additional description goes Into the programs written
to use the data. For example, a program might be written to
use the matrix description of a directed graph In order to
determine 1If there is a path between two glven nodes. This
program In some sense constitutes a description of the concept
of a path between nodes.

Much more elaborate descriptions are used In the programs

mentloned Iin the previous chapter, but agaln descriptlve
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informatlon appears Iin many forms. Evans uses descriptlons of
flgures 1Ir terms of 1llnes, endpoints, and curvatures, and
these descriptions are In turn represented by partlcular 1llist
structures. However, he also has a subprogram whlch
determines whether two flgures are similar In the sense that
they can be transformed Into each other by rotatlons,
translatlons and changes of scale. This program thus
constltutes a description of the concept of similarity.
Similar situatlions arise In all the other programs mentloned.

This varlety of description representatlions makes It
difficult, probably Imposslible, to talk formally about
descriptlon comparison in general. Any dliscussion of thls
sort would eventually lead to considerations of how to compare
two programs representing two concepts (of glmllarlty of
figures, say) In order to discover the differences between the
two concepts, A solution to thlis would enable the
determination of the equivalence of two programs, a problem
known to be unsolvable In general, and certainly difflcult In

almost all cases where it can be done.

A Partlcular Descrliptlion Representation

Since, by the above arguments, descriptlion comparison

must be dliscussed In terms of particular description
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representations, we wlll define a type of description slimlilar
to some of the description representations used by the
programs mentioned In the previous chapter. This description
representation 1Is limited in the range of things that can be
described, but appears able to support non-trivial behavlior.
A mLjor advantage of this type of description Is that a clear
formulation of description comparlson, called descriptlon
matching, can be devised for it.

A description, from now on, wlll be taken to conslst of:

a) A set of relational statements of the form
(rel obl ob2 ... obn)

where rel is the name of some relatlonship that holds arong
the n objects. The term elements will be used to denote both
relations and objects.

b) A list of varliables for the descriptlon, which deslgnates
certaln of the elements appearing 1In the description as
varlables.
c) An evaluatlon functlon whlch maps from the power set of the
set of relational statements to some real Interval, say (0,
1),
Parts (b) and (c) will be seen to be Important only for
concept descriptions.

An example of a relatlonal statement Is (ABOVE A B). The
order of the objects 1Is Important, (ABOVE B A) having an
entirely different meaning. The use of the word "object" Is

not Intended to signify that these necessarily represent

physlcal objects. Relatlon names can also be used as objects,



PAGE 24

as 1In the relational statement (OPPOSITES RIGHT-OF LEFT-0F),
where (RIGHT-OF A B) would be a retational statement
Indicatlng that A is to the right of B In the scene. A
property might also be used as an object, for example In (IS
JOHMN GREEDY), although it might be preferable to represent the
latter statement as (GREZEDY JOHM). Objects have no internal
structure, belng merely names. Any descrliptive structure
relevant to an object is explicltly represented as relatlional
statements.

A matching of two descrliptions Is defined by a one to one
mappling from the elements of ocne description to the elements
of the other. It will be found deslrable to deflne one
description as the "dominent" one, and the mappling Is deflned
as taking elements of this descriptlon Into elements of the

" descriptlion. Allowable mapplngs are restrilcted by

"Inferlor
the varlable 1list. Elements on the vartable llist can be
mapped to any element of the other description, but all other
elements must be mapped to themselves (they are constants).
The mapping can be partlal In that It need not assoclate every
element of elther description wlith an element of the other.
Two elements associated In thls way wlll be sald to be palred.

If two relational statements, one In each description, are
such that theilr corresponding elements are palred (thls means

they must both have the same number of elements) then these

relational statements (relatlons for short) are sald to be
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matched, This means that the same relatlon holds among
corresponding objects 1In both descriptions. For any given
matching, some subset of the relatlons of a description wlill
be matched. This subset |Is used as an argument for the
evaluation function which returns a value that Is taken to be
an indication of the quality of the match, 1 being best, The
object of description matching, then, Is to find a "best"
match, l.e., that match which gives the largest evaluatlon
score. Intuitively, this best match !s Intended to pair those
elements of the twe descriptions which "most nearly"
correspond to each other, in the sense that they are related
to the other elements in simllar ways.

Notice that the evaluation functlon adds to the asymmetry
of this comparison operatlon,‘ In that two descf!ptlons being
matched will have two evaluatlion functlons, and the matching
which maximizes one will not necessarily maximlze the other.
Thus a decisfon must be made as to which evaluatlon function
to use, and the descriptlon whose functlon Is used Is the
dominent description. Another source of asymmetry 1Is that
constants of the dominent description must be paired wlth
themselves, whlle constants of the Inferlor description may be
paired with variables of the dominent description.

An example would probably be helpful at this polnt. The
concept description below 1Is one possible representation of

the concept of connected 1lnes. The Idea represented ls that
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(IS A LINE)

(IS B LINE)
(HAS-ENDPOINT A AEND)
(HAS-ENDPOINT B BEND)
(X-COORD AEND X)
(X-COORD BEND X)
(Y-COORD AEND Y)
(Y-COORD BEND YY)

Variables = (A, B, BEND, AEND, X, Y)

two lines are connected if they have endpoints with l!dentlcal
coordinates. The evaluation functlion could be a Boolean AND,
since all the relations must be matched In order that two
lines be connected. A description which would flt this

concept Is given below. The palrings would be A-Z1, B-Z2,

(IS 21 LINE)

(IS Z2 LINE)
(HAS-ENDPOINT 2Z1 ZEl)
(HAS-ENDPOINT 2Z2 ZE2)
(X-COORD ZEl 0.5)
(X-COORD ZE2 0.5)
(Y-COORD ZEl 1.0)
(Y-COORD ZE2 1.0)

AEND-ZE1, BEND-ZE2, X-0.5, Y-1.0, and since all other elements
are constants they would be palred with themselves. After
this matching a statement of the form (CONMECTED Z1 Z2) mlight

be added to the description. This would be part of a
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recognition process, however, and does not fall within the
domain of the descriptlions and matching defined above.

To summarize, then, the function of the relational
statements Is to 1list the vrelatlonships among a set of
objects. in the case of concept descriptions some of these
objects, and some of the relatlon names, may be represented by
varlabies. The evaluatlon function fncorporates (Iinformation
about which are the Important relatlons In a concept and about
the Interactions among these relatlons, and provides a means
of measurling the quallty of a match between two descriptions,
A "best" match Is Intended to glve palrings between those
objects which are most nearly similar in the two descriptions,
similarity being determined by matched relations. Since many
matches are possible between two descriptions, the evaluation
function Is used to determine which relations are the most
Important to match, and best match Is defined In terms of
maximizing the value of the evaluation function,

Finally, a note on Implementation. It is not likely that
a scheme of thls sort would be best implemented as simply an
unstructured 11st of relatlons wlth assoclated variable llst
and evaluation functlon, Depending on the application In
which this descriptive technique was being used, relatlons
might be represented In many ways. In the case mentloned
above where dlirected graphs were belng described, the matrix

representation might well be the most efficlent, even though
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the same Informatlon might be represented by statements of the
form (PATH | J) to Indicate a path from node | to node J. The
matrix represents the same Informatlon, but In a more
efficlent form for any 1lkely applicatlons. Description
matching can still be thought of In the same terms, using the
correspondence between a 1 in entry I,j of the matrix and the
relational statement above. Certain other operations become
more efficient, however, For example, matrix multlplicatlon
can be wused to find If any path exists hetween two glven

nodes,

Difficultlies With Thls Type of Descriptlon

It was stated previously that this description form Is
not adequate for all descriptive purposes. This Is probably
obvlous, but some of the problems will be mentlioned In thls
section anyway.

One dIfficulty has to do with the finiteness of these
descriptions. For example, It might be deslrable to have a
concept of a plcket fence In some scene recognlzer. A fence
can have an arbltrary number of pleces, each ldentical and
each related to Its nelghbors 1In a very specific way. This
concept of a plcket fence could not be represented adequately

within thils descriptive technlique, however, as It requlres an
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arbitrary number of ohjects, one for each plcket, at least.
One way to get around this Is mentlioned by \linston. Rather
than have a varlable for each picket, he would use one
varlable to represent a typlcal plcket, and show Its relatlons
with one or two other typical plckets. These typlcal elements
would then be structured into a "group'" which could represent
an arbitrary number of such typical elements. However, In
order to match this concept with a scene description, the
scene would have to be described In the same terms. This
therefore merely pushes the problem away one level, as the
description mechanism defined above could not be used to
recognize (with one matchling) when a group descriptlion would
be appropriate. However, a recognitlion process could be
deflned by constructing a concept description for a typlcal
fence element and repeatedly matchlng this against the Initlal
scene description, adding new relatlions to the Initial
descriptlon at each match to show what new objects have been
included in the fence being recognlzed,. The additlional
control mechanlsm and operatlons requlred by the recognitlion
process (lnstructlons as to which concept description to try
next, the operation of adding relatlons to the description) do
not fall withlin our definltion of description matching,
however. In this  sense, description matching as [t was
defined above Is llke the pattern matchlng part of a string

processing language. It does not Include anything that
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corresponds to the replacement or goto parts of a statement In
such a language.

"Connected flgure" In a 1llne drawing Is another example
of a concept that cannot be expressed, for much the same
reasons. In general, then, thls mechanism cannot represent

concepts requiring an arbitrary number of varlables. Concepts

requiring sequential recognltion processes cannot be
represented. Also, concepts requlring operatlions or
computations on objects cannot be represented. For example,

It might be deslirable to have a relatlonal statement llke
(EQUAL (SuM A B) C), where the sum of A and B would be formed
and then the EQUAL comparlison made. This Is not representable
within thls description mechanlsm.

A somewhat more surprlzing example of a concept not
representable withln this description format can be glven.
Suppose 1t were desired to define the concept of a '"squared
tower" to consist of two cubes, one on top of the other, thelr
edges aligned, and with no pyramid resting on top of them. An
example Is shown In Figure 1 (a) , and 1(b) shows a tower that
Is not squared. 1(c) shows a flirst attempt at a descriptlion
of this concept. The evaluation function for this description
would be such that 1{f the two vrelatlons Involving C were
matched, a score of 0 would result,

This does not glve the deslred result, however. Remember

that the object of matching Is to maxImlze the evaluation
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— 1~ — 1

(a) Squared Tower (b) Not a Squared Tower

(IS A CUBE)

(IS B CUBE)
(SUPPORTED-BY B A)
(ALIGNED B A)

(IS C PYRAMID)

(SUPPORTED-BY C B)
variables = (A, B, C)

(c) Attempt at Concept Description

Figure 1
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e
functlon. This certalnly wlll not be done If varlable C Is

palred In such a way that the two relatlions In which C Is used
are matched. Therefore C simply will not be palred. Figure
1(b) will be accepted as a squared tower since It contains a
subfigure which is a squared tower, and the pyramid will be
fgnored.

Can this difflculty be gotten around somehow? I think
not. The root of the problem Is that It Is deslrable that the
two relations involving the varlable C be matched if at all
possible, but that the match fall If they are matched. It
would seem deslrable to have two evaluatlons, then. The flrst
would Increase the score If the two relations Involving C were
matched, and this would be the evaluation functlon used during
matching, assuring that these relatlions would be matched If
possible. The second functlion would then glve a zero score If
they were matched, Indicating that this was not a squared
tower.,

This does not glve the deslired behavlor when trylng to
locate a squared tower In a scene conslisting of a squared
tower and a tower with a pyramid, however. The match program
will find the highest evaluation score when pairling the
varlables In the concept description with the objects In the
description of the tower with a pyramid, and only when the
second evaluatlion functlon [Is applied wlll It be found that a

mlstake was made. Some sort of backup could then be
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performed, but both this backup and the second evaluation
function are outslde the scope of the description mechanlism

being conslidered here.

The Matching Problem

In this chapter a form of description representation and
an ldea of description cumparison based on that representatlon
have been presented. Some of the falllngs of this description
mechanism have been mentioned. The advantage of this simple
form of description Is that It permlts us to get a handle on
the ldea of descriptlon comparison. The actual process by
which the '"best" match is found wll1l be the subject of the

next chapter.
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IV. Some Methods

Iin the previous chapter the problem of descriptlon
matchlng as It 1Is being considered in this theslis was
formallzed. In this chapter some methods for performing the

matching operation are presented.

Guaranteed Best Match

The problem of matching two descriptlions Is finlte as
described, In the sense that each descrlpthn contains a
finite number of elements and each element in one description
can be palred with elements from the other description In only
a finite number of ways. Therefore 1t 1Is possible to
guarantee that a best match will be found by systematlcally
looking through all posslble matchings, calculating the
evaluation functlon value for each, and picking the match
which glves the hlighest score. This obviously can Involve a
large amount of computatlon, however.

A matching 1s defined by a map from one set of elements
to the other. Assume for simpliclty that all elements of one
descriptlion can be palred with all elements of the other. Let

S equal the number of elements In the smaller of the two
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descriptions, and 1let L be the number 1In the larger
description. Then In order to try all mappings, Including all
partial mappings, every subset of the smaller set of elements
must be palred with all equal sized subsets from the 1larger

description. For any subset of size | there wlll be

S
()
ways to pick a subset of that size from the smaller set.
Order thls subset In any way. Then by pjcking all subsets of
the same slize from the larger set and permuting thelr members,
all possible matches of I elements will be obtalned. Slnce
there are
L:
(L - 1i).
ways of plcking permutations of | objects from L objects, this

glves
s! L!

(s - i)! i! (L - i):

possible matches of subsets of slze I. Summing over [, there

. S
2{: s! L!
(s - i)! i! (L - i)!

i=2

are
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possible matches that would have to be trled usling this
me thod. The sum Is started at |=2 because =20 and 1 give no
matched relatlons, and so are meanlingless. For example, If
S=L=5, not very large sizes at all, the total number of
matches from the above formula Is 1520, A graph of thls
function for several typlcal values of L, and with S fixed at
5, Is glven In fligure 1.

This amount of effort Is totally unnecessary, however, By
using the Information provided by the relatlonal structure of
the descriptlions, the amount of work requlired for a guaranteed
best match can be substantlally reduced. It only pays to palr
two elements If that palring can result 1in a relation belng
matched, as the eValuatlon functlon depends only on the
matched relatlonshlips. By using thls observatlon, a great
many useless palrings can be ellminated. This leads to a
matching method based on palring relations rather than the
palring of objects. This method wlll flirst be described, and
then some examples wlll be given, The description whose
evaluatlon function Is belng used for the match wlll be called
the dominent descriptlon, the other belng the Inferlor
descriptlon.

The flrst operatlon Is to form a llist contalning all
possible palrs of relations which might be matched. Recall
that a relatlion from the domlnent descriptlion will match one

from the iInferlor description only If they both contaln the
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10

5 x 10

Figure 1
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same number of elements and If all constants In the dominent
relatlon are palred with themselives. Varlahles In the
dominent relation may be palred with elther constants or
varlatles. Thus, the deslired 1lst may be formed by plcking
the next relation In the domlnent description (assuming some
arbitrary ordering) and comparing 1|t with each Inferlor
relation. Every time a possible match Is found, a pair |Is
formed and added to the 1lst of possible relation matches.
This continues until all such palrs have been found.

The next operatlion Iinvolves dlscovering all the allowable
matchings between the two descriptions, an allowable match
being one where at least one relatlon Is matched, and where no
conflicting relatlons are matched. Two relatlon matches
conflict If they Imply two palrings for the same element.
Every allowable set of relation matches thus Implles a mapping
of elements, and so deflnes a description match. However, by
our deflnltion of such a match, It Is the relatlon matches
that are to be Implied by the mappling. Therefore, a thlrd
requlirement for an allowable match 1Is that all relation
matches Implled by the element mapping be Included. Another
way of statlng this Is that the element mappling and relatlon
matches deflned by an allowable match must he conslistent with
each other.

Each such match 1Is found only once. The previous

procedure found all possible matches, 1l.e., all possibhle
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pairings of objects, and this could Involve dliscovering
several matches that are equlvalent from the point of view of
the relatlons that are matched.

This operatlon Is Implemented by what might be called a
"orogresslve refinement™ process. At each step of thls
process there exist a set of sublists of the original relatlion
palr llist. Each of these sublists might be considered a
partial match. Each subllst has assoclated with It an Index,
which points to some element of the 1Ist, and two other 1llists.
The first of these assoclated lists 1Is the "accepted palr
list" which shows all those element palrings Implled by the
partlal match, The second 1ist 1Is the "rejected palr 1lst"
which shows all palrings which have been rejected In the
formatlon of thls partial match. The Initlal state of the
process conslsts of the vrelatlion palr 1ist with 1Its Index
pointing to the flirst relation palr, and the assoclated 1lsts
empty. (An exceptlon to thls last conditlon mlight be made In
those cases where It was deslred to allow the program which
called the match to speclfy that certain palrings were to be
accepted or rejected a prilorl.)

At each step of the process each partlial match Is refined
one step. The relatlion palr polnted to by the Index Is looked
at. |If any of the object palrings Implied by It confllict wlth
those already on the accepted palr list (two palrings conflict

1f they Imply that an element In one descriptlon Is palred to
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two elements In the other) thls relation palr must be removed
from the partlial match. Similarly, If any of the object palrs
Implied by the relatlon palr are on the rejected palr 1ist the
relation palr must be removed. To remove the relation palr,
it Is deleted from the list and the index Is set to point to
the next element In the llst.

if the relatlion pair passes these tests, then It does not
conflict with any object palring decislions made during the
formatlon of the partlial match. It will pass these tests If
all of Its element palrings are elther on the accepted palr
list or no decision has been made about them. If all palrs
implied by matching the relatlons are already on the accepted
palr 1ist, then the relation palr must be Included 1In the
match, and this Is accompllished by simply setting the Index to
point to the next relation pair on the 1llst.

In the case where -declslons must be made, there wll]
result several partlal matches, one for each posslible
declsion. If there are N such undeclded element pailrs, there
must be 2N new partlal matches formed, one for each posslble
comblnation of palr acceptances and rejections. The Index of
each of these partlal matches Is set to the relatlon palr
following the palr under conslderation. In all but one
partlal match the pair under conslderation I[Is deleted, the
exception belng the one where all the new palrs are accepted.

The appropriate additlons are made to the accepted and
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rejected palr llsts.

The above process Is Iterated on all partlal matches
untll the Index of each 1ist goes beyond the last entry. At
that point all the subllists remalning constitute the set of
all allowable matches., To flnlsh the match It Is necessary to
evaluate the matching functlion for each of these and choose
the highest scoring one.

Slnce the descrliptlon above may be somewhat difflcult to
understand, an example follows. Figure 2(a) glves two
descriptions and shows the drawlngs of which they might be
descriptlons. 0Of course, many other descriptions could be
glven of these drawings and many other drawings could be
construed as fitting these descriptlons. The drawlngs are
glven merely to glve some Intultive 1Idea of what the
descriptlons represent,

Part (b) of the figure shows the iInltlal relatlion palr
1lst. The asterlsk represents the Index and |[Is beslde the
relation palr that ls pointed to by the Index. The characters
"A=" are used to Indlcate the accepted palir 1lst, and "R=" |Is
used to Indicate the rejected palr llist.

Part (c) shows the partlal matches resulting from the
first lteration, Slnce both the accepted and rejected palr
lists are empty, declsions must be made about both the palrs
(A E) and (B D). Thus there are 22 resultant partlal matches,

one of which accepts both palrs, one of which rejects both,
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and two of whlch accept one but not the other.

Part (d) shows the result of the next lteratlion. The
first partial match of part (c) glves rise to the flrst two
partial matches of (d). This |Is due to the fact that a
decision Is made as to whether to accept or reject the palir
(C F). The palr (B D) had previously been accepted for thls
partial match., The thlrd partlal match of part (d) results
from the second one of part (c) upon the rejectlion of the
Indexed relatlon palr because of 1Its conflict wlth the
rejected object palr (B D). The next two partfal matches of
(d) result from the third match of (c) by a process simllar to
the flrst two matches 1In (d), and the last partlal match of
(d) follows from the last partlal match of (c) by agaln
rejecting the Indexed relatlon palr due to confllict.

Part (e) sklps some iteratlons and In fact does not show
the state resultlng from a particular Ilteration. In the
Interest of brevity all those cases where the rest of the
relation palrs In a partial match are rejected due to confllct
with previous declslions are shown |[In their flnal state,
Indlcated by the absence of an asterlsk. In some cases, for
example the flfth partlal match of part (d),\thls results In
the ellmination of the partlal match. The third partlal match
of (e) results from the third match of (d) by accepting the
palf (B F); rejectling this palr leads to no match as the palr

(A D) confllcts wlth a prevlious declslon. The 1last two
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partial matches of (e) result from the last partfal match of
(d) by chosling to accept or reject the pair (B E).

Part (f) shows the completed matches. \lhich one would be
picked would of course depend on the evaluatlion functlon. | f
this functlon valued all relatlons equally, so that the score
was merely the sum of matched vrelations, then there would be
several equally good matches. If the type relatlions (l.e.,
SQUARE, TRIANGLE) were valued highly enough, say by adding 5
to the score for each of them matched, versus 1 for all other
relations, then the choice would be between palring (B E) and
(A D) or pairing (B F) and (A D). On the other hand,
reversing the values glves the palrs (A E) , (B D) and (C F)
based upon position. An analogy program, for example, would
get two entlrely different descriptions of the transformations
between these two plctures depending on the matchling functlion
chosen.

By making use of knowledge about the matchlng functlon
being used In addition to uslng relational Informatlion,
further effliclencles can sometlmes be achleved. For example,
this Is relevant to the reflnement technlque when the matchling
functlon 1Is such that, no matter what set of relations Is
Initlally matched, matchlng any addltional relatlion wlll not
cause the score to go down. Thls excludes, for example, the
case where there Is a relatlon which must not be matched If

the match Is to get a non-zero score. Under thls condition It
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A D
E
(RIGHT-OF A B) (RIGHT-OF E D)
(ABOVE C B) (ABOVE F D)
(IS B TRIANGLE) (IS D SQUARE)
(IS A SQUARE) (IS E TRIANGLE)
(IS C DOT) (IS F TRIANGLE)
Variables = (A, B, C) Variables = (D, E, F)
(a)

* (RIGHT-OF A B) (RIGHT-OF E D)
(ABOVE C B) (ABOVE F D)
(IS B TRIANGLE) (IS E TRIANGLE)
(IS B TRIANGLE) (IS F TRIANGLE)

(IS A SQUARE) (IS D SQUARE)

A= () R = ()

(b)

Figure 2



(RIGHT-OF A B) (RIGHT-OF E D)
*#(ABOVE C B) (ABOVE F D)

(IS B TRIANGLE) (IS E TRIANGLE)

(IS B TRIANGLE) (IS F TRIANGLE)

(IS A SQUARE) (IS D SQUARE)

A = (A-E, B-D) R =0

. *(ABOVE C B) (ABOVE F D)

(IS B TRIANGLE) (IS E TRIANGLE)
(IS B TRIANGLE) (IS F TRIANGLE)
(IS A SQUARE) (IS D SQUARE)

A = (A-E) R = (B-D)

. *(ABOVE C B) (ABOVE F D)

(IS B TRIANGLE) (IS E TRIANGLE)
(IS B TRIANGLE) (IS F TRIANGLE)
(IS A SQUARE) (IS D SQUARE)

A = (B-D) R = (A-E)

. *(ABOVE C B) (ABOVE F D)

(IS B TRIANGLE) (IS E TRIANGLE)
(IS B TRIANGLE) (IS F TRIANGLE)
(IS A SQUARE) (IS D SQUARE)

A= R = (A-E, B-D)

Figure 2(c)
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1.

(RIGHT-OF A B) (RIGHT-OF E D)
(ABOVE C B) (ABOVE F D)

*(18
(1s
(IS

A:

B TRIANGLE) (IS E TRIANGLE)
B TRIANGLE) (IS F TRIANGLE)
A SQUARE) (IS D SQUARE)

(A-E, B-D, C-F) R=(

(RIGHT-OF A B) (RIGHT-OF E D)

* (IS
(Is
(Is

A

*(IS
(1S
(1Is

A =

B TRIANGLE) (IS E TRIANGLE)
B TRIANGLE) (IS F TRIANGLE)
A SQUARE) (IS D SQUARE)

(A-E, B-D) R = (C-F)

B TRIANGLE) (IS E TRIANGLE)
B TRIANGLE) (IS F TRIANGLE)
A SQUARE) (IS D SQUARE)

(A-E) R = (B-D)

(ABOVE C B) (ABOVE F D)

*(IS
(1s
(Is

A

*(IS
(1s
(1Is

>
1]

*(IS
(IS
(is

A=

B TRIANGLE) (IS E TRIANGLE)
B TRIANGLE) (IS F TRIANGLE)
A SQUARE) (IS D SQUARE)
(B-D, C-F) R = (A-E)

B TRIANGLE) (IS E TRIANGLE)
B TRIANGLE) (IS F TRIANGLE)
A SQUARE) (IS D SQUARE)
(B-D) R = (A-E, C-F)

B TRIANGLE) (IS E TRIANGLE)
B TRIANGLE) (IS F TRIANGLE)
A SQUARE) (IS D SQUARE)

O R = (A-E, B-D)

Figure 2(d)
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(RIGHT-OF A B) (RIGHT-OF E D)
(ABOVE C B) (ABOVE F D)

A = (A-E, B-D, C-F) R= ()

(RIGHT-OF A B) (RIGHT-OF E D)
A = (A-E, B-D) R = (C-F)

. (IS B TRIANGLE) (IS F TRIANGLE)
%*(IS A SQUARE) (IS D SQUARE)

A = (A-E, B-F) R = (B-D)

(ABOVE C B) (ABOVE F D)

A = (B-D, C-F) R = (A-E)

. (IS B TRIANGLE) (IS E TRIANGLE)
%(IS B TRIANGLE) (IS F TRIANGLE)

(IS A SQUARE) (IS D SQUARE)

(B-E) R = (A-E, B-D)

A

. *(IS B TRIANGLE) (IS F TRIANGLE)

(IS A SQUARE) (IS D SQUARE)

A= () R = (A-E, B-D, B-E)

Figure 2(e)



1. (RIGHT-OF A B) (RIGHT-OF E D)
(ABOVE C B) (ABOVE F D)

A = (A-E, B-D, C-F) R=0

2. (RIGHT-OF A B) (RIGHT-OF E D)

A = (A-E, B-D) R = (C-F)

3. (IS B TRIANGLE) (IS F TRIANGLE)

A = (A-E, B-F) R = (B-D)

4. (ABOVE C B) (ABOVE F D)

A = (B-D, C-F) R = (A-E)

5. (IS B TRIANGLE) (IS E TRIANGLE)
(IS A SQUARE) (IS D SQUARE)

A (B-E, A-D) R = (A-E, B-D)

6. (IS B TRIANGLE) (IS E TRIANGLE)

>
]

(B-E) R = (A-E, B-D, A-D)

7. (IS B TRIANGLE) (IS F TRIANGLE)
(IS A SQUARE) (IS D SQUARE)

>
]

(B-F, A-D) R = (A-E, B-D, B-E)

8. (IS B TRIANGLE) (IS F TRIANGLE)

>
il

(B-F) . R = (A-E, B-D, B-E, A-D)

9. (IS A SQUARE) (IS D SQUARE)

A = (A-D) R = (A-E, B-D, B-E, B-F)

Figure 2(f)
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Is possible to find the best match wlthout findlng all
matches. To do thls the vrefinement procedure must be
modifled. Any time a partlal match Is refined, the scores of
all the newly created partlal matches are evaluated. In dolng
thls, a relatlion Is considered matched if It has not yet been
eliminated from the partlal match belng evaluated, l.e., If It
appears In one or more of the remalning relation palrs.
Rather than picking an arblitrary partlal match to be reflined
at each step, the partial match with the highest score Is
reflined. tlhen the conditlon is achleved that the hlghest
scorlng partial match 1s completely refined (lIs a completed
match), then It Is the best match, since all remalning partlal
matches have lower scores and these scores must stay the same
or become smalier as relatlon palrs are removed, because of
the condition stated above. This procedure Is similar In
concept to the Reinwald-Soland method of generating decislon
trees [ 3 1.

In cases where the matchlng functlon Is falrly complex,
evaluating It at each refinement step can be costly. However,
In the case where the functlion simply counts the number of
relations matched, finding the 1length of the partlal matches
mlght serve nearly as well as evaluating the function, even
though some relations may be counted more than once.

It 1s difficult to get a closed form expression that glves

a reasonable estimate of the work this algorithm performs as
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the descriptlons get large. This is due to the fact that lIts
operatlon depends a great deal on tne structure of the
descriptions belng matched, l.e., how many different types of
relations there are, how many Instances of each relatlon
occur, and which objects are related to each other In some
way. In the example glven the reflnement technlique Is
definitely more efficient than the other guaranteed method In
terms of matches found, as It finds only nine matches whlle
the other method flnds 24, many of which are equlivalent In
terms of which relatlons are matched, but all of which must be
found and evaluated.

Some bounds can be given for the number of matches found.
The formula glven previously 1Is a good upper bound on the
number of matches that will be found by the refinement method,
as thls number will actually be achleved In cases where only
one relatlon type appears In both descriptions, and every
object In both descriptions s related to every other object
by that relatlon (for the formula to apply, the same
assumptlons about palring of objects must be used as were
stated In Its derlvatlon). Thus the reflnement method can do
no worse, In terms of matches found, than the flrst technlque,
and wll1l almost always do better, since descriptlons that glve
the worst-case behavior are not the sort that are encountered
in practlice.

A lower bound on the number of matches found by the
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refinement method Is

Z L, R,
1 1
i:

where Ll Is the number of Instances of relatlon type i In one

description, RI is the number of Instances In the other
description, and n Is the number of different relatlon types
that appear In the two descriptlons. Thls Is just the length
of the Initial 1ist of all possible relatlon palrlings. Each
palr of relatlons will appear as a singleton matchk at the end
of the refinement process, and so there wlll be at least as
many matches as there are Inltial relattlon palrs (an exceptlon
occurs when two objects are related by more than one relatlion,
but this makes only a minor difference In most. cases). Thls
s not a very good lower bound, however, as it will be
achieved only for the simplest descriptions. For descriptions
of any slze, varlous comblnatlons of these singleton matches
are possible, glving larger matches. These larger matches
will normally far outnumber the singleton matches. An
estimate can not be made by just finding all combinatlions of
singleton matches, as many of the resultling "matches" would
involve conflicting palrings and so would not be matches at
all,

How the number of matches found translates Into some
measure of computatlional effort Is extremely difficult to see.

As a guess, It appears to the author that the refinement
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method will be the more efficlient as the descriptions grow
larger, the fact that fewer matches need be looked at
eventually compensatlng for any advantage the other method
might have on a per match basis. However 1t must be

emphasized that this Is only a conjecture.

Heurltstic Methods

The methods described above glve guaranteed best matches,
but in doing so Involve the effort of finding all allowable
matches. In some clrcumstances It might be desirable to flind
all matches, but often only one Is desired. Furthermore, It
may be desired to find a match for the dominent description
within some small subset of the iInferlor description, and
therefore uneconomlcal to have to look at every relation 1In
the Inferlior net. For these reasons, It may be deslrable to
use heuristic methods whlch glve good matches under most

clrcumstances but which do not always glive the best match.

Winston's Matching Program

Winston's matching program Is especlally desligned for

descriptions Involving only binary relatlons, which he «calls
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description nets. The discusslion below Is based on the
material In the appendix to hls thesis. Some conventions of
that thesls make thls procedure easter to follow, First,
Winston treats his networks as directed graphs, with objects
being nodes and relations belng represented by labeled
directed arrows between these nodes. A relation can be
followed In only one dlrectlon. Thus In the flgure below

representing a relatlon between ohjects A and B, the match

REL

could find object B If It knew about object A, but could not
get to A from B (unless of course It had already passed
through A).

The match procedure starts by belng glven an object from
each description. It Is Important to the correct operatlon of
the match that these objects be ]lkely.candldates for palring.
However, they are not palred unless some "evidence" exlsts
that they should be. Evidence for palring two objects
conslsts of their belng related In the same way to some common
object or to two objects already palred. In the directed
graph representatlon this means that the nodes representing

the two objects are at the talls of two Identlcally labeled
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arrows polntlng to the same node or to two nodes representing
objects palred with each other, |

Wlhether or not two nodes are palred, the match then
follows the most common relatlon arrows to find certain of the
descendants of the orlginal nodes. An attempt Is made to find
evidence for pairlng any of these, Thls contlnues until no
more descendents are found. The match then backs up to the
previous nodes looked at, If these were not palred the last
time they were looked at, a new attempt Is made to do so, and
will succeed this time |I[f any of thelr descendents were
palred. Whether or not they were palred the last time, the
match tries to find any other descendents not prevlously
looked at, such as those whlch are at the other end of the
second most common type of relatlon arrow coming from those
nodes. If no such descendents exlst, the match then bhacks up
to these nodes' ancestors. This contlnues wuntll the match
backs up to the orlglinal palr of nodes glven as arguments,

Agailn, the operatlon of thls matchling procedure Is best
understood by following through an example. The descriptlons
to be matched are shocwn 1In flgure 3 1In the node and arrow
representatlion. This example Is taken from the above
mentlioned appendix to Vlnston's theslis.

Initlally, nodes A and A' are glven to the match. There
Is no evlidence for palring them and so nodes Cl, C2 , C1' and

C2' are looked at next, since the most common relation leaving
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A and A' Is P, There 1s evidence for palring Cl and C1' , but
there 1Is more evidence for palring C2 and C2', as these nodes
are ldentically related to two common nodes. Rather than
create both palirs, Vinston's match sets up the better of the
two. Therefore C2 and C2' are palred.

Looking at the descendents of C2 and C2' the match finds
El, E1' and E2', There is evidence for palring E1 with both
of the primed nodes. However, E1' Is chosen because In
addition to being related to a common node It Is related to
the previously palred node C2' In the same way that F: s
related to C2, the node with which C2' Is paired. Therefore
there are two ltems of evldence for paring E1 and E1', versus
only one Item of evlidence for the palr E1-E2', -

Agaln looklng at the descendents of E1 and E1l' , evlidence
Is looked for to palr F1 with F1' or F2', In this case the
match uses some knowledge of the evaluatlion function, to use
the terminology of this theslis, It Is more Important that the
MUST-BE-R relation be matched, In the formulation of this
thesls, the MUST-BE-SATELLITE relatlons used by lWinston are
treated as comblining both the relatlon Itself (R in thls case)
and the MUST-BE Indlcator which Is part of the evaluatlon
functlion, Using thls knowledge, \linston's matchlng program
conslders the matchling of the MUST-BE-R relation to be better
evidence than the matching of the R relatlon and so palrs F1

and F1',
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Figure 3
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F1 and F1' have no descendents, and so the match backs up
to E1 and E1', and slnce these are palred and have no further
descendents the match agaln backs up to C2 and C(C2', These
nodes have unpalred descendents D aMND E2', but these are not
reachable by identlical relatlions and so no attempt Is made to
find evldence for palring them. The match then backs up
through C2-C2' to nodes A-A', These were not palred
previously but are at this tlme because of thelr common
pointers to tie palred nodes C2-C2',

Next the descendents of A-A' are looked at, ‘/hile P Is
the most comrmon polnter leaving thils palr, If only relatlons
to unpalred nodes are counted, 7 Is the most common.,
Therefore Gl, G2, and G2' are 1looked at. Since all have
ldentlical polnters to the same node Z , there Is not enough
evidence to pick one pairing over the other. Therefore G2-G2'
Is chosen at random.

Backing up to A-A' again, since G2 and G2' have no
descendents, the match finds that C1 and Cl' are the only
remalnlng unpalred descendents. The evidence for palring them
Is clear, and the match terminates.

By way of comparison, an attempt was made to hand
simulate the reflnement method 1In a natching of these two
descriptlons. The attempt was glven up when It appeared that
well over 60 partlal matches of falriy large slze would

result, Thus, on the basls of ease of hand simulatlion
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Winston's me thod definitely appears to Involve less
computatlon, although the price pald 1Is a 1loss of the
guarantee of a best match.

Thls matching method has several disadvantages. One Is
its repeated looklng ahead and backing up, whlich results In
many nodes being checked several tlimes and much dupllication of
effort. Another Is that objects can only be palred If they
are the same '"dlstance" from the origlinal objects handed to
the match, In terms of the number of arrows that must be
passed over In order to reach them, This 1Is often not
serious, however, because there may be several paths of
different lengths from the Inltlal node to any particular node
of the description.

Another difficulty 1Is that the vrelatlons are 1In fact
conslidered as arrows, to be followed In one direction only.
This reduces the number of paths to a node, and so may
elilminate a path along which 1[It could be matched. This
limitation also restricts the structure of a description and
the Initlal node which may be handed to the match, as the
match must be glven a node from which It can reach the rest of
the description. It would not be possihble to get «correct
matching by handing the match nodes Cl and Cl1' from the
previous example, for Instance, even though It appears that a
reasonable matching could be def ined under those

clrcumstances, and It Is concelvable that there might be good
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reasons for wantlng to start wlith palring some partlcular
nodes within the descriptions. However, It must be noted that
the correct functioning of thlis matching procedure depends on
the relations being one-way arrows, for reasons assoclated

wlith boundary diffliculties. Conslder the example below:

The unlabeled node 1Is a common node outside the two
descriptions proper but reachable from both. As the match
works now, an attempt would be made to palir B and the common
node, but this would fall for lack of evlidence. Since the
common node has no descendents the match would 1look no
further, However, 1If the match could follow arrows In
reverse, node B would be considered part of the description
beginning at node A', as would node A after another step. The
boundary between descriptions Is thus provided by the fact
that arrows never go from common nodes which are outside a
description Into that description.

In our formulatlon of descriptions, which [Is somewhat
different from Winston's, the boundary Is provided by the fact
that two descriptlons are two entlrely separate sets of

relatlons. Although relatlons to common nodes (constants)
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certalnly exlst, these constants are In some sense outside or
on the boundary of the descriptlons. The fact that constants
are recognlzed as such In our system ({i.e., that constants are
distlguished from variables) as well as the fact that our
descriptions do not connect directly into a larger

"description net" makes thls possihle.

Matching Based on Connectivity

A set of matching techniques based on what might bhe called the
"coennectivity" of the descriptions can be formulated., These
are based on varlous local methods (that is, they look at only
a small subset of the relations In a description) for declding
which are the best relatlons to match, The flirst ohservation
leading to these ldeas Is that If two objects are palred then
the relations In which they are Involved wlill be matched If
and only if the other objects In those relations are paired
accordingly. These other objects can be considered nelghbors
of the orliginal objects, as they are only "one relatlon away."
For example, in the following two sets of relatlions, assume A

and A' are paired.

(RELL A B C) (RELL A' B' ¢C")
(REL2 D A) (REL2 D' A'")

(a) (b)
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The two relations in set (a) will be matched by those In set
(b) If and only if B is paired with B', € with C', and D with
D'. The general idea for a matching program based on thls,
then, 1Is that whenever two objects are palred, all the
relations in which they are Involved should be'1ooked at and
approprlate palirlngs made between the other objects In these
relations. Thesg new object palrs could be put on a list, and
then taken one at a time and thelr nelghbors paired In turn,
until the entire description Is palred.

There are several difflculties which need to be lroned
out before thls method can become useful. Flrst, suppose that
an object Is already palred and vyet Is a nelfghhbor of a newly
paired object. The procedure above would attempt to palr It
again, perhaps with a different object. Thils Is falrly easily
taken care of, however. If a neighbor of a newly paired
object Is already paired, then that previous palring must be
kept. If It Is not possihle to do so and still match the
relations involving this previously paired object, then these
relations must remain unmatched. |In the previous example, for
Instance, If object D had previously been palred with another
object, say E, then the relation (REL2 D A) could not have
been matched.

Another more dIlfficult problem 1Is that 1t [Is not
necessarily deslrable to match relaf!ons to nelighboring

objects. This depends upon the evaluatlion function. In fact,
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the problem extends somewhat further In that It may not be
desirable to pair a nelghboring element because that would
cause one of the undesirable relations between that element
and one of its neighbors to be matched (this 1Includes the
previous case, as the nelghbor relation Is symmetrié). These
consideratlons lead to the conclusion that this local matching
process must have built Into It knowledge of the evaluatlon
function, or at least must be abhle to use thls Information, If
reasonable results are to be achieved. For some functlons,
for instance those that glve a score to each relatlon, it Is
fairly easy to see how a local matching procedure could make
use of this Information. For some very complex matchlng
functions, however, It may not be possible to determine In any
reasonable way how a local decision wlll affect the final
evaluation.

A final difflculty arises because of the possibillity that
a relation In one description may posslibhly match several
relations in the other. For exanple , In the followlng sets

of relations, assuming A and A' are the 1Initlally palred

(RELL A B () (RELL A' B' ¢")
(REL2 D A) (REL2 D' A'")
(REL2 E' A')

(a) (b)
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objects, it is not clear whether to palr D and D' or D and E'.
Under many circumstances one or both of these possibilitles
might be elininated by some of the consideratlions above. | f
they are not, however, some actlion must be taken.

One possibility Is to not palr any of the objects. Thls
has the advantage that one of the possihle palrings may later
be made when the match follows along some other path throush
the description. Thus thls action postpones a declslion In
hope that some reason for chosing a partlicular palring may
turn up later.

Another alternative 1s to base the cholce on more
complete knowledge of the evaluatlon function by making the
cholce that appears most llkely to lead to a hligh score. Thls
can have the same diffliculties dlscussed above with regard to
complication of the evaluation function, but under those
circumstances the 1local match 1Is not 1ikely to be useful
anyway. Agaln, 1If a simple function 1Is used which simply
asslgns a value to each relation and adds these together, a
good heurlstic might be to give a score to each posslhle set
of pairings by adding together the values of the newly matched
relations resulting from that set of palrings.

A final alternatlve would be to make an arbitrary cholice.
In order to provide some way to repalr bad cholces made In
this way some backup mechanism might be used. This could lead

to a system where all possible cholces were tried in turn,
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This would come about by using an arblitrary cholce mechanisn
untll the match was cormpleted, evaluatling the resultant match,
then backing up to the last arbitrary cholce and taklng a

different decislion. This new match would also he completed
and evaluated. This process would contlnue until all posslihle
alternatives were looked at. This requlires some mechanism for
keeping track of possible choices and which of these have been

used, and could prove quite expensive.

Using Uncommon Relatlons

The local matching method above assumes that it will be
given one or more pairs of objects from each description,
these objects to bhe paired a priori. This tnitial palring
might be provided by the programs which call on the matching
procedure, However, under certaln circumstances It may be
desirable for the matching procedures themselves to provide a
good initlal pairing. One heuristic which can prove useful
for doing this under certain clrcumstances Involves searchling
the two descriptions to find those types of relatlon which
occur least often. By some means one such relation from each
descripion Is chosen and thls pair of relations Is matched,
resulting in thé pairing of the objects Involved 1in those

relations. This palring of objects then provides an Inltial
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palring for the local match (which can, of course, he given
more than one node pair Initially). The consideratlons
involved in methods for choosing the appropriate relatlons to
match are similar to those mentloned above for the case fwhen
the local match has a choice to make.

This heuristic can also be useful after the locél match
has terminated. If, for example, the local match sometimes
does not choose between alternative pairlnﬁs, preferring to
walt to see if one of the pairs wlll be chosen at a later
stage of the match, a situation can arise In which the local
match runs out of objects to palr, and yet a large portion of
the description remains which could be matched. An example
will be given below. Under these clircumstances It might be
deslirable to look some distance into the unmatched portion of
the descriptions and find 1llkely pairs of objects by use of
the uncommon relation heurlstlc. The local match method could

then be restarted using these new palrings.

An Example

In this sectlion an example Is glven of the use of a local
match technique comblned with the uncommon relatlon technique.
The evaluation function used Is slimply based on a count of the

number of relations matched, thus giving each relation equal



PAGE GG

importance, The descriptions belng matched contaln only
binary relations, and so are represented by a network. Flgure
L shows the networks and the scene they are Intended to be
representations of. Both networks represent the same scene,
shown in part (a) of the flgure. The difference Is that In
one description (part (b)) the rectangles have been recognlzed
as an arch and described as such, whereas in the description
in part (c) this grouping has not heen made.

Initially the local matching process is glven nodes A and
A' to palr. A1l the relations leaving these two nodes are
identlcal, and so all the nelghboring nodes are candidates for
pairing. Thus some declision must be made as to which palrings
are best. Since the evaluation functlon scores on the basls
of the number of relations matched, a good heuristic Is to
evaluate each pairing and pick those glving the greatest
number of matches. Actually, the number of potentlal matches
is what wlll be counted, including In the count all relatlons
which mlight eventually be matched. A1l the possible palrings

are checked, and give the followlng potentlal match counts:

B-B' B-F! B-G' B-H' E-B! E-F! E-G! E-H"!

5 1 2 1 3 2 2 2

Starting with the highest count, then, B would be palred

with B'., This eliminates all but three of the palrs, and all
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(c) An Alternative Description

Figure 4 (continued)
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of these have identical counts. Under these circumstances the
local match gives up for lack of evidence, and so E, F', G',
and H' are not paired. Since the only new pair formed was B-
B!, the neighbhors of these two nodes are looked at next, The
RIGHT-OF relations again cause an attenpt at pairing E with
F', G' , and H', and this falls for the same reason. The ONE-
PART-1S relations cause evaluation of the palrs C-C', C-D', D-

c', and D-D', the counts belng as follows:

c-c! c-p' D-Cc' D-D'

3 2 2 3

Therefore nodes C and C', D and D' are paired. At this
point the local match terminates, as these newly palired nodes
have no unpalired neighbors. However, there are still unpairecd
nodes In the descriptions and so an attempt is made to locate
the 1least common unmatched relations. lhich relations are
least common Is determined by multiplying the number of
Instances of a particular relatlion 1in one description hy the
number of Instances in the other and comparing the resulting
numbers. Thus the comparlson |Is based on the number of
possible matches suggested by that relatlon type. Using this
criterfon, ON-TOP-0F Is the least common relatlon, susgesting
only four possible relation matches.

However, thls uncommon relatlon routine Is intended to
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return a list of node pairs to the local match. One way 't
could do this would be to try to find the best match or
matches ariong the relations found and return the palrs Implled
by those matches. A simpler technique, however, Is to score
all the pairings suggested by these relations in the same way
used in the local match and to return those palrs with the
highest score. The scores for the pairs suggested by the ON-

TOP-OF relations are:

F-F! G-G' G-H' H-G' H-H'

3 3 2 2 3

Mlotice that the ONE-PART-1S relations coming into these nodes
cannot be counted, as node A' Is matched with node A and not
node E. Similarly, the RIGHT-OF relatlon from node B' cannot
be counted as matching the RIGHT-0F relation orlginating on
node G.

On the baslis of the above scores palrs F-F', G-G', and M-
H' would be returned. The local match could do no more, and
the matching process would be completed. Under certaln
clrcumstances it can happen that several of the top scoring
node palrs in the uncommon relation routine conflict with one
another, In that more than one palring Is suggested for a
node, Under these clrcumstances elther all the conflicting

palrs can be rejected or else one of them picked at random and
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the others rejected.

In looking at the results of this match several
observations can be made. Filrst, 1t Is not a best match
according to the evaluation functlon used. In the bhest match

node A' Is paired with node E. Secondly, the match obtalned
may really be the deslirable one, since It brings out the
missing feature in the second description, the lack of a node
to represent the arch. This is a case where finding the best
match according to the evaluation functlon may not correspond
to the best match In terms of what seems Intultlively best, and
points up sorme of the difficulties of descriptlion matching of

the sort being discussed here.

Match Improvement

The heuristic methods above do not always glve the best
match based on the evaluation functlion, as demonstrated in the
example above. It appears as though it might be deslrable to
try to Improve on these 1Inltlal heurlstic matches where
possible (although the comments In the last paragraph of the
previous section Indicate that thls Is not necessarlly so).
This leads to two questions., First, Is It possihle to cheaply
determine when Improvements can be made? Second, how can a

better match be found based on the Initlal heurlstic match?
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It is always possihle to answer both questlions by findlng
the best match uslng some exhaustlve procedure. Doing this,
however, negates the value of any informatlon the Inltlal
match might provide. In the case of the partlcularly simple
evaluation functlon which just counts the number of relatlons
matched, there 1Is a technique for telling when further
Improvement is Impossihle, If there are no relations of the
same type left unmatched In both descriptions, then further
improvement Is Impossible. This simply Indicates that any

‘unmatched relation cannot be matched without forcing another
relation to become unmatched. Since they are both valued
equally no Increase In score Is posslble. If this condition
does not hold it says nothing about whether Improvement Is or
is not posslihle.

In the case of more general evaluation functions It Is
hard to say anything applicable to all of them. Determining
whether improvement Is possible and methods for achieving this
improvement are probabhly very dependent on the evaluation
function and on the partlcular purpose the descriptions are
belng used for. Knowledge of this context of usage could lead
to the design of various technliques appllicable to speclal

cases.
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Conclusions

This chapter has presented several methods of matching
descriptions in order to obtailn a comparison of them. The
methods have not been presented In great detall and some flne
points have been Ignored. This Is due to the fact that to a
large extent all these techniques can be combined and modifled
In varlous ways. \lhat has been presented Is fairly generally
applicable, and detalls can be filled In to sult the
application, In any situation where It appears that use of
some sort of internal descriptlions with comparison might prove
valuable, It Is flrst necessary to determine [If the partlcular
sort of description discussed here appears useful and, If so,
It must then be declded just what the detalled structure of
tne description mechanism will be, 1Including the matching
mechanism. In any system involving large descriptlons and
complex description learning it could take consliderable
experimentation to adjust these mechanlisms to get the «deslired
results, The difflculty here is that this partlicular form of
~description does not In and of Itself define one or more
"efflicient" or "optimal" ways of organizing descriptlions and
comparing them.

In the next chapter a particular description matching
program will be dlscussed. This program was actually

implemented and some experiments performed with It.
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V. Some Experlments

A description matching programn designed along the llines
of the heuristic programs mentioned In the last chapter was
programmed in LISP and Mlcro-Planner. The objectlive was to
design a matching program that would match descriptions
similar to those used by ViInston In his learning program. It
was hoped that by using some of these heurlstlic methods a
better matching program than the one used by Vllnston would
result, "better'" being taken to mean both that Its operatlon
would be more efflcient and that It would be able to do a
better job of matching descriptlons which Ulnston's matcher
could not handle. The second objective was achleved. The
objective of efficiency was found to be very hard to evaluate,
and whife some comments will be made about 1It, no definlite

comparison of the two methods on that basis will be made.

The Descriptions

Relatlons In these descriptlons were restricted to beling
binary relatlons. Furthermore, relation names were not
allowed to be varlables. Use was made of Mlcro=Planner's data

base facilltlies to store the relatlons as Planner assertlions.
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The evaluation functlons were not represented expliclitly
by programs, but were Instead Impliclitly used In the matching
procedures, All non-emphatic relations were welghted equally,
providing a simple basls for evaluation. This seems necessary
if the heuristic match procedures are to be able to get a
reasonable idea of the best object palrings to make on the
basis of local Information only, Emphatic relatlions were
handled by causing the match to fall (recelve a zero score) If
a MUST-BE satelllte relation was not matched or If a MUST=NOT-
BE satellite was. This definition of MUST-NOT-BE runs Into
the problem mentioned In chapter three that under no
clrcumstances wlll a MUST-NOT-BE relation ever be matched.
However, it still proves wuseful, for In not matchlng this
negative emphatlic the match may be forced Into not matching a
MUST-BE emphatic, and so can stlll recognize certalin cases
where an Instance does not fit a concept., A simple example Is

given below. In order for an Instance to satisfy thls

(MUST-BE-ABOVE A B)
(IS A CUBE)
(IS B CUBE)
(MUST-NOT-BE-GREEN A)

Variables = (A, B)

concept, A must be above B and A cannot be colored green (It
Is not necessary that A and B be cubes, as the IS relations

are not emphatic). If thls concept Is matched agalnst a
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description where one cube Is above another and the top one Is
green, the matching procedures will refuse to match the top
object with A. This prevents the MUST-BE-ABOVE relatlon from
being satisflied, however, and so the match wlll recelve a zero

score anyvhow.

Overview of the Matching Procedures

The matching procedures used were a comblnation of a
match using connectivity and a match using uncommon relatlons.
In additlon, a match Improver was programmed, A1l of these
made extenslve use of "palr evaluation," a means of scorlng
possible object pairings that was like the count of potentlal
relation matches mentloned 1in an example 1In the previous
chapter; At the top level, the matching program was called
with a 1list of Initial object palrings. The connectivity
match, which was called the 1local match because It used only
local Informatlion In Its palring decisions, was then applled
to these initial object pairings, palring thelr nelghbors,
then the neighbors of the newly palred objects, and so on
untll no more nelghbors of paired objects could be palred.
During thlis process, It was posslble that the 1local match
would refuse to make a cholce among posslihle palrings, and as

ment loned prevliously thls occalslionally led ‘to unmatched
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portions of a description, Whenever this occured an uncommon
relations method, called the extended match, was applied.
This looked some distance (specified by an argument to the
match procedures) Into the unmatched portion of the
description and on the basls of the least cormmon relatlion type
would recormmend one or more object palrlings. These were then
given to the local match, and It palred some nelighborhood of
these objects. This process continued until no more objects
could be palired.

At this point an Initlal match was said to have been
achieved. A match Improvement program was then called. It
first looked to see |If there might be some possibllity of
improving the Initial match. If it did appear that this might
be possible an attempt was made to do so. This was done by
choosing some alternatlive pair of ohjects, a palring which dlid
not appear In the Initial match, and using thls to start a new
match using the local match program. The extended match was
not wused In forming this alternative match. I f the
alternative match recelved a higher score than the Inltial
match, It replaced the Inftlal match and an attempt was made
to Improve It. |If It received the same or lower score, It was
discarded and a new alternative Inlitlal palring chosen. This
process halted when no more plausible alternative palrings
could be found or when It was shown that the match could not

be improved further.
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These procedures wlill be dliscussed In more detall below.
Flrst the palr evaluatlion mechanism will be described,
followed by descriptlons of the 1local and extended matchers.

Finally, the match Improver will be discussed.

Palr Evaluatlion

The object of palr evaluation Is to get some approximate
Idea of how much the match wlll be Improved by palring two
particular objects. With the simple evaluation functlon of
the descriptions used In these experiments this 1Is roughly
accomplished by adding up the number of matched relatlions that
will be added to the match If these ohjects are palred. This
statement requires some modiflcation, however.

Flfst of all, potential rather than actual relation
matches are counted. In order to do this, all relatlons
Involving the two objects In questlion are looked at. In order
that a relation In onc descriptlon potentially match another,
It must be true that

1) The relation nemes are the same
2) a) The other objects In the relatlion are unpalred
or
b) The other objects In the relations are palred to

each other,
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2(a) makes the assumption that the presently unpalred objects
will be paired to each other at some later stage of the match.

Second, account must be taken of emphatlic relatlons. In
order to do this, all MUST-BE relatlions are looked at first,
and an attempt made to find potential matches for them. I f
none are found a score of zero for the pair results. If such
potential matches are found they are counted the same as
matches of non-emphatic relatlions. MUST-NOT~BE relations are
treated somewhat differently, as only actual and not potentlal
matches of these are counted. If palring two ohjects would
force the matching of a NMUST-NOT=-BE relatlion, the pailr 1Is

given a zero score,

The Local Match

Having a description of the palr evaluation mechanlsm,
the local match is fairly easily described. A list, the '"new

palr 1list,"

Is maintained. It Initially contains those object
pairings glven to the local match as arguments. Pairs are
taken from the head of this l1lst, and all the neighbors of the
palred objects are found. A1l palrlings among these nelighhors
are computed, and each such palring glven to the palr

evaluator. Thls results In a llst of palrs and the scores for

5
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those pairs. The highest scoring palr(s) are accepted as new
object pairlngs, and all confllicting pairings (those Involving
any of the nfwly palred objects) are removed from the 1llist.
Then the higﬁﬁst scoring remalning palrs are accepted, this
process continuing until the 1ist Is empty or untll all
remaining scores are zero. A1l these new object palrs are
added to the end of the new pair list,

One modification needs to be made to the above.
Occaisionally two conflicting palrs wlill recelve the same
score, Under these clircumstances the local match does not
atteript to make a declsion, but rather places all the unpalred
objects involved on an argument 1list for the extended match.,
This list Is passed to the extended match when the new palr

list becomes empty, forcing the local match to stop.

The Extended Match

The extended match 1Is called wlth the argument llist
created by the local match and a maximum distance 1Imit which
says how far Into the descriptlons It can look. It takes the
objects on the 1lst, finds thelr nelighbors, then thelr
nelghbor's neighbors, and so on until the distance 1imit Is
reached or until no new objects are found. A1l relatlions

Involving the newly found objects are then looked at, and that
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relation type which occurs 1least frequently 1In the two
descriptions Is determined. "Least frequently" Is defined In
terms of minimizing the product of the number of Instances of
a relatlon type in each description: Every posslble match of
relations of thils type Implies a pairing iof objects. A1l such
object pairings are collected and pair evaluated. The highest
scoring palrs are returned to the local match If they don't

confllict. Otherwise one of the highest scoring palrs |Is

chosen at random.

The Match Improver

The match Improver Is called when the local and extended
matches have run out of things to do. It first attempts to
discovef If fimprovement [Is Iimpossible, wusing the method
mentioned briefly In the previous chapter. It finds all the
unmatched relations remaining in both descriptions, If none
of the unmatched relations in elther descriptlon are of the
same type as any unmatched relatlions In the other descriptlon,
improvement Is Impossihle. Under these clircumstances matchling
one of the unmatched relatlons will merely force the
unmatching of at least one currently matched relatlon, and
thls cannot lead to Improvement of the overall match.

If it Is determined that Improvement of the match may be
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possible, a new Inlitial pafir for the 1local match is chosen,
This is done by using the uncommon relation method on the
unmatched relations, and pair evaluating the suggested pairs,
much as In the extended match. This iIs a heurlistlc which
tends to assume that wunmatched relations will be matched to
each other, which Is not necessarlly so. The highest scoring
palr Is given to the local match (the other palirs belng saved)
and a local matching of its nelghbors formed. This new match
is combined with the old match, all pairs of the old match
which conflict with new pairings belng discarded and all non-
conflicting pairs belng retained. This new match 1Is then
evaluated, If 1Its score Is greater than that of the old
match, It replaces the old match and an attempt Is made to
improve it. Otherwise It Is discarded, and another palr Is
chosen from the 1ist of posslble alternative palrings. Match
Improvement stops when further Improvement 1Is Impossihle or

the 1ist of alternatlive palrings empties.

Results of Usage

The matching program descrlbed abhove was applled to
several description matches, some of the descriptlons belng
sIimilar In structure to those used by llinston and others

having a somewhat dIfferent structure. The results can be
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discussed along two dimensfions, these belng the quality of the
matches procuced, and how efflclent are these procedures at
producing these matches.

The quality of the matches produced was qulte gobd.
Hatching was tried on descriptlons that were quite simlilar and
also on those that had differences In structure simlilar to the
absence of the arch grouping node 1Iin the example from the
previous chapter, In both cases the best match was found,
even though In the case of the differently structured
descriptions this involved the use of the match Improver to
unpair the initfal palr given to the match and re-palr these
objects. This is one operation that the matcher used by
t!inston could not perform. The abllity to look Into the
description and palr objects that are different distances from
the Initial object pair Is another operation not feaslhle In
Ulnstonis program but which can be performed by the extended
match.

An example showing both these features is gliver In flgure
1, using the node and arrow representation. If glven nodes A
and E as the Inltial palring, the Initlal match wlll result In
the palrs A-E, B-H, C-1, and D=-J. The match Improver will
change the pair A-E to A-G, thus finding the Instance of the
left description in the right description. Wlinston's program,
having only the 1S-A relations to BRICK as evidence, would be

able to produce a partlial match, but not as good a one as even
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the Initlal match given by these new procedures. Thus these
procedures seem to glve definlite Improvements In the
complexity of match that Is possible. These procedures were
also tried out on Véry large descriptlons and gave good
results, at least when the descrlptions matched were simllar.

The efficiency of these procedures is less clear. Since
these procedures have no primitive procedure 1in common with
Winston's program, It appears imposslible to compare them In
any Implementation Independent way. Since they were
implemented by a different programmer using different data
structures and representations, It would be fruitless to
compare timings with Winston's program. Therefore 1t appears
that no worthwhile comparlson with Vinston's program can be
made in terms of efficiency.

However, some interesting behavior with regard to the
efficieﬁt running of thls program under different situatlions
was observed, partlcularly when large descriptions were heling
matched. First, It was found In at least one case that the
quality of the Inlftial match depended on how deep Into the net
the extended match procedure was allowed to look, deeper
searches giving better results. In the particular case
Involved this was due to the fact that by looking further the
extended match was able to flInd a rare relatlon that was
useful In Indicating the correct palrs to match. Without such

an extensive search, more common relatlons were used as
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indlcators and often led to incorrect palrings. The resulting
initial match tended to be quite had under these
circumstances.

Wlhen a bad initial match such as described above was
passed fto the match improver, it resulted in a great deal of
thrashing and 1ittle improvement. The reason for thls was
that 1In such cases there were a large number of unmatched
relations, leading to a large list of suggested alternative
pairings. However, It was true that because of the way this
list was formed some good pairings did appear at the head of
this 1lst, A more important problem was the fact that when
given these object pairs the 1local match was not able to
rematch a slgnificant portion of the descriptions. Instead It
was stopped due to conflicting palrings with equal scores. As
a result, the evaluation score was Iimproved little If at all,
and so Athe program would most often start trying other
Incorrect Initlal palrings.

An example where this was particularly bad Is shown In
Figure 2, The descriptions represent two large organic
molecules which are very similar, and they are shown In the
usual atom and bond format used by chemlsts, rather than as
relational descriptions. The relatlional representation used
corresponded ciosely to the dlagram, atoms belng represented
as objects and bonds by relations between objects. For

example, (S Cl1l C2) was used to represent a single bond between
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atoms Cl and C2, and (IS C1 CARBOM) was used to show that (1
was a carbon atom. As Is wusual 1In organic chemical
representatlions, the hydrogen atoms were left out of hoth the
figure and the relational description.

Mote that almost all the bonds (relations) are of the
same type. Similarly, most of the atoms are carbons . The
nitrogen atoms (those atoms whose first letter Is N) are the
best indicators of the correct matching of certain portions of
the descriptions. However, the depth to which the extended
match was initially set to look prevented it from finding one
of these nitrogens at a cruclial polnt in the match, and the
situation described above developed. The fact that almost all
relations were identical and that a large number of them were
unmatched caused a great deal of thrashing on the part of the
match Improver, as It tried matching all the unmatched carbon-
carbon single bonds wlth each other, It flnally halted,
having almost but not quite produced a best match. Howviever,
when the extended match was allowed to look farther Into the
two descriptions, the resulting initial match was almost as
good as the flnal match In the previous case, and the match
improver easily completed a best match. A1l this was done In
a small fraction of the time requlred when the extended match
was restricted in Its range.

The descriptlons of large molecules used In the test

above were particularly bad for these match procedures, as
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they were very large, and most relatlons were of the same
type. However, the results may give some indication of the
failings of these procedures when applied to large
descriptions. The 1local match tends to he unable to proceed
very far on its own before being stopped by 1its refusal to
choose between conflictlng pairs. The extended match appears
to perform very well in helping out the local match, but only
if it is able to find a very Indicative, rare relatlonship in
the part of the description it looks at. The match Improver
works well when the initial match Is close to a hest match,
but thrashes and gives bad final matches otherwise. Since It
is a fairly large and costly program, It is clearly not always

worthvwhile.
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Vi. Concluslons and Further \lork

In this thesis a particular form of description is
presented and a definition of description comparison given for
this description type. lhile thls form of description Is not
powerful enough to support all the uses that mlght be made of
descriptions and description comparison, It does seem able to
support Interesting behavior, judgling by the uses that have
been made of similar forms of description. More Importantly,
discussion of this particular form has brought out several
points which seem 1lkely to apply to any descriptlve
mechanism.

First, while it does appear desirable to be able to
directly express relations among ohjects, more structure than
this Is needed for a general descriptive mechanism. Even for
the simple descriptions discussed In this theslis it was
necesséry to Introduce variables and an evaluatlion functlon In
order to represent concept descriptlons. Furthermore, the
fact that the matching procedures can be glven a 1lst of
Initial object palrings hints that these concept descriptions
are actlng something 1like subroutines with the Inttlal
palrings as argumant lists. In this analogy, the description
whose evaluation functlon s being used (the domlnent

descriptlon) acts 1lke a program whlch Is interpreted by the
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matching procedures. Its arguments are a list of Initial
object palrings, which assign values to certain of lts
variables, and during the "execution" of the description
certain other variables recelve asslignments (palrings). The
results returned are a 1list of varlable assignments and
perhaps the value of the evaluation functlon or a list of
matched or unmatched relatlons. Descriptions differ from the
usual idea of programs In that they alone do not completely
specify a procedure for assignlng values to varlahbles. They
merely specify the goal of maximlzing an evaluation function
given certain relatlonships. The rest Is speclfled In the
matching functlons which "interpret" the description. It was
mentioned that a complete descriptive abillity requires the
power of what we have called a recognition process, which
involves changes to the data base and transfers of control.
A1l of this tends toward an idea of thinking of descriptlions
in terms of programs or procedures, Incorporating all the
structures which are allowed In programming languages.

This 1idea has been dealt wlth In Hewlitt's Planner
language. This Tlanguage Incorporates a form of description
comparison and Implements several ldeas about goal orlented as
opposed to procedural orlented programming. However, only a
very simple idea of descriptlion comparison is built into that
language. This comparison 1is something lilke the vrelatlion

matching used in this thesls, but with the evaluatlon functlon



PAGE 02

restricted to a binary function. An Instance elther flts a
concept or it does not, under thls sort of evaluattion. Also
no Information Is obtained about the differences between two
descriptions In Planner's comparlson operatlon, other than
that differences exlst or they do not (of course, slnce
Planner 1is a complete programming language nmore complex
comparisons could be prograrmmed into It).

Next is the issue of context. It was hoped that an idea
of description comparison could be formulated which was
general in the sense that it would be equally applicable to a
wide variety of situations and would not depend on knowledge
about the area of appllication. This has been achieved In a
limited sense, llowever, it appears that this may not be the
right approach, and that perhaps a better way to get
"generality" is to learn how to get many speclallzed
procedufes to cooperate rather than to have one "general"
technique for all situatlons,

In the comparlson mechanisms discussed in thls thesls the
Information about context of application 1Is hldden 1In the
evaluation functlion. Thls Is perhaps not too bad, as It scems
necessary to have something of thls sort to specify how
important the various relatlonships are and how they Interact
with one another. Some such structure must be present In any
description comparlison operatlion, If only Impliclitly, as there

are In general many posslible ways of looking at the
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"differences" between two descriptions. This was demonstrated
in a simple way by the example In the Introduction to this
thesis. Some way must be provided to decide the "best'" way
to compare the two descriptions, and this "hest" way will In
general depend on what differences are most Important to the
particular application at hand.

The actual matching procedures are Intended to be context
free, and to a large extent they are. The guaranteed methods
certainly are, as they merely find all allowable matches and
let the evaluation functlon make the final cholce. The
heuristlic methods, because they use some knowledge of the
evaluation function 1in order to provide a vreasonably good
match on the first attempt, are less context free. |In fact It
will often prove advantageous and perhaps necessary to program
knowledge of the class of evaluatlon functlons being used Into
these procedures, as was done for the prodedures descrlibed In
the chapter on experiments (this requires that all evaluation
functions be of the same general type). It is difflcult to
see how a match procedure could be programmed to make
effective wuse of arbitrary evaluatlon functions In making
local heurlstic decisions. However, the general ldeas of
using the connectivity and uncommon relatlions of a description
are applicable in a wide variety of slituations.

How would these relatlvely general methods compare wlth

speciallzed methods desligned especlally for the application at
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hand? Suppose descriptions were wrlitten 1ike exacutable
programs and each description could have bullt Into it any
heuristics that might help It to obtaln a match quickly. The
ability to compare such concept descriptions with each other
might be lost due to the difficulty of comparing programs, but
It seems that the efficlency with which these descriptlions
could be 'compared" to ("applied to" might be better
terminology under these clircumstances) a description of, say,
a scene, would be Increased greatly. For example, In the last
chapter it was mentioned that the matching procedures
disscussed there had difficulty with certaln descriptions of
large organic molecules. These descriptions were falrly large
and most bonds were carbon-carbon single bonds. Thus the few
nitrogen atoms tended to be indicative of good matches. The
extended match did find these after some searching and
computation of the nunber of occurances of all the varlous
relatlons found, but 1In the general area of comparing such
descriptlons of organic molecules It would be a good heuristlic
to search specifically for nltrogen atoms (or all atom types

other than carbon and hydrogen).
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Further \lork

As can perhaps be gathered from the preceeding
paragraphs, | would not suggest that anyone pursue the general
sorts of description comparlison discussed here. However, | do
feel that descriptions and especlally the abllity to compare
descriptions are Important ldeas that should be pursued; It
is Jjust that they are tco complex and too little understood
for much to be done by gencral methods, at least at this polint
in time. Useful work could be done by trying to find just how
complex a task the simple sort of description mentioned here
can support, perhaps by trylng to teach a learning program
such as V\inston's more complex concepts. Hew descriptive
formats should be developed. It would be interesting to see
if more powerful descriptive methods, tending toward the
representation of descriptions as programs, can be developed
which still can be compared In an effective way. This can
lead into considerations of how a computer can be programmed
to program itself. This would come about when attempts were
made to write programs which could 1learn concepts, these
concepts belng Internally represented by program/descriptlions.
Durilng the learnlng process the program would have to

construct and modify these descriptions, and In dolng so would
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have to make use of some descrliptlon programming language and
knowledge of programming techniques In that language.

The best way to bursug research along these 1lnes, and
this seem to hold true [In most areas of artiflclal
Intelllgence research glven thg present state of knowledge In
this area, Is to plck a speciflc task for a program to
perform, The task should be chosen 1In such a way that It
appears to require the descriptive mechanism to be studled.
Also, It should be such that It appears posslble to wrlte a
program, using that mechanlsm, whléh will actually perform the
task. An alternative approach advocated by some Is to plck
tasks to perform which seem "do-able" and to dlscover just
what mechanlsms are needed for thelr performance. In thls way
It‘ Is hoped that some understanding will be bullt up of the

mechanlsms requlired for Intelligent behavior.
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